Introduction
[2] How do faults grow and evolve? Why do some fault strands become abandoned and new faults develop? The southern big bend of the San Andreas fault in Southern California has a complex but distinct record of changing fault geometry (Figure 1 ). In the past one million years alone, the active strand of the southern big bend of the San Andreas fault has changed configuration at least twice ( Figure 2 ) [e.g., Matti and Morton, 1993; Morton and Matti, 1993] . Investigating these transitions may help us to understand how fault systems evolve.
[3] We propose that fault systems evolve to become more mechanically efficient, thereby decreasing the work required to accommodate strain [e.g., Mitra and Boyer, 1986; Platt, 1988; Gutscher et al., 1998; Masek and Duncan, 1998; Burbidge and Braun, 2002; Del Castello and Cooke, 2007; Cooke and Murphy, 2004; Souloumiac et al., 2009] . For example, mechanical efficiency increases when fault surfaces grind away asperities and become smooth so that fault surfaces slip more easily. If the fault geometry changes or the tectonic loading changes, the fault system may decrease in efficiency and produce less slip. In such situations, new faults may propagate to accommodate the strain energy stored around the older, inefficient faults [e.g., Okubo and Schultz, 2005; Olson and Cooke, 2005] . For example, within accretionary wedges the total work of deformation increases during underthrusting stages as greater volumes of material are required to be uplifted against gravity. The total work decreases with the growth of a new forethrust in front of the wedge [Del Castello and Cooke, 2007] . The new forethrust accommodates deformation more efficiently than the underthrusting and develops when the energy savings of deformation with the new fault exceeds the energetic cost of producing the new forethrust [Del Castello and Cooke, 2007] .
[4] The abandonment of active strands of the San Andreas fault in the southern big bend and development of new strands may follow the principle of work minimization where the fault systems evolve to greater efficiency. To evaluate the mechanical efficiency of the San Andreas fault within the southern big bend over the last million years, we calculate the total fault slip and total work within numerical simulations of the fault system at three stages of its evolution. For the three-dimensional models of each evolutionary stage, we apply plate boundary loading to fault surface configurations defined in the Southern California Earthquake Center's Community Fault Model (CFM) [Plesch et al., 2007] . Before investigating the mechanical efficiency of the models, we validate the models by comparing the model results to available geologic slip rate and uplift rate data. Upon successful validation, we explore whether the fault system has evolved to increase mechanical efficiency and discuss the competing factors that may control fault evolution within restraining bends.
Recent Deformation Associated With the Southern Big Bend of the San Andreas Fault
[5] Plate motion across Southern California is partitioned between the San Andreas and San Jacinto fault systems, as well as the Eastern California Shear Zone and Garlock faults. Although this study focuses on the southern big bend of the San Andreas fault, we include these other structures in our study because of their impact on the recent evolution of and slip distribution along the San Andreas fault [e.g., Matti and Morton, 1993; McQuarrie and Wernicke, 2005; Yule, 2009; Dokka and Travis, 1990] .
Present-Day Fault Geometry and Quaternary Slip Rates Along the San Andreas Fault
[6] The San Andreas fault (SAF) through the San Gorgonio Knot, a region of long-lived complexity along the SAF, is composed of several fault segments that we outline from northwest to southeast. The vertical Mojave segment of the SAF transitions to the subvertical San Bernardino strand of the SAF at Cajon Pass (Figure 1 ). The San Bernardino strand of the SAF is the western boundary of a 20 km wide restraining bend (Figure 1 ). Recent slip rate estimates along the San Bernardino strand of the SAF decrease southeast ward from 24.5 mm/yr in Cajon Pass [Weldon and Sieh, 1985] to rates in the teens along the much of this strand [McGill et al., 2008 Harden and Matti, 1989 ] to a minimum rate of 4-12 mm/yr at the southeastern end of the strand [Orozco, 2004; Yule and Spotila, 2010] . Though the San Bernardino strand of the SAF and the San Gorgonio Pass fault are connected within the subsurface, at the Earth's surface the trace of the San Bernardino strand does not link with the trace of the San Gorgonio Pass fault (Figure 1 ) [Yule and Sieh, 2003] .
[7] The San Gorgonio Pass fault bounds the restraining bend to the south of the San Bernardino Mountains (Figure 1 ) [Yule and Sieh, 2003; Allen, 1957] . The north dipping thrust fault has a sawtooth-like geometry Morton and Matti, 1993; Yule and Sieh, 2003] . The northwest striking segments are oriented parallel to the overall plate motion and accommodate right-lateral strike slip, while the northeast striking segments favor reverse slip. The San Gorgonio Pass fault formed within the Quaternary to accommodate contraction and uplift associated with the restraining bend in the San Bernardino Mountain segment of the San Andreas fault Langenheim et al., 2005] . The thrust fault has a reverse slip rate of >2.5 mm/yr at Millard Canyon [Yule and Sieh, 2003] . The eastern end of the San Gorgonio Pass fault connects to the Garnet Hill and Banning strands of the San Andreas fault.
[8] The north dipping Garnet Hill strand of the SAF and the vertical Banning strand of the SAF have parallel strike and are interpreted to merge into one north dipping fault surface at 5 km depth [Yule and Sieh, 2003] . The Garnet Hill strand of the SAF becomes increasingly steep to the southwest and is nearly vertical where the fault merges into the Coachella Valley segment of the SAF. The geometry of the Garnet Hill and Banning strands are constrained by microsiesmicity and aftershocks associated with the 1948 M6.0 Desert Hot Springs and 1986 M5.9 North Palm Springs earthquakes [Carena et al., 2004; Jones et al., 1986; Nicholson, 1996; Magistrale and Sanders, 1996; Seeber and Armbruster, 1995] as well as magnetic and gravity data [Langenheim et al., 2005] . Although the Banning and Garnet Hill strands of the SAF are geometrically related, they have very different histories. The Garnet Hill strand of the SAF developed about 120,000 years ago, whereas the Banning strand of the SAF was the primary strand of the San Andreas fault through the Miocene to early Pliocene Langenheim et al., 2005; Matti et al., 1992] . Although much of the Banning strand is currently inactive, a segment near Millard Canyon shows evidence of right-lateral slip of 1.3-1.6 mm/yr over 2.8-3.6 ka and >3 mm/yr for <100 ka [Yule and Sieh, 2003 ] as well as reverse slip rates of 0.7-0.9 mm/yr over 2.8-3.6 ka and ∼1.4 mm/y for <100 ka [Yule and Sieh, 2003] .
[9] The Coachella Valley segment of the SAF is a relatively straight, subvertical fault that runs along the eastern shore of the Salton Sea to the eastern ends of the Garnet Hill and Banning strands of the SAF (Figure 1 ) Yule and Sieh, 2003] . South of the Indio Hills, the active portion of the Mission Creek strand of the SAF joins the Coachella strand of the SAF. The Mission Creek strand of the SAF becomes inactive to the north (Figure 1 ) [Matti et al., 1985] . South of the juncture of the Banning and Mission Creek strands of the SAF, the offset Biskra Palms alluvial fan reveals right-lateral strike slip with rates estimated using differing approaches as 15.9 ± 3.4 mm/yr [van der Woerd et al., 2006] and 12-22 mm/yr with preferred range of 14-17 mm/yr [Behr et al., 2007] .
Quaternary Slip Rates Along the San Jacinto fault
[10] The subvertical right-lateral San Jacinto fault formed around 1.5 Ma in response to the development of the restraining bend along the San Andreas fault . The San Jacinto fault exhibits a series of echelon fault segments with no clear evidence of direct connection with the San Andreas fault (Figure 1 ) . Right-lateral slip rates along the northern San Jacinto have a range from 6 to >20 mm/yr [Prentice et al., 1986; Rockwell et al., 1990; Morton and Matti, 1993; Kendrick et al., 2002] .
Quaternary Slip Rates Along the Eastern California Shear Zone and North Frontal Thrust Zone
[11] The Eastern California Shear Zone (ECSZ) is a series of north-south and east-west striking faults located north of Figure 2 . Three stages of evolution of the southern big bend of the San Andreas fault proposed by Matti et al. [1992] and Matti and Morton [1993] . (top) The active fault configuration at >500 ka including the Mission Creek strand of the SAF. (middle) The active fault configuration from 500 ka to 120 ka including the new Mill Creek strand of the SAF and the San Gorgonio Pass fault. (bottom) The present-day active fault configuration including reactivation of the Banning strand of the SAF, continued activity of the San Gorgonio Pass fault, and development of the new Garnet Hill strand of the SAF. Other faults labeled on Figure 1 . the San Bernardino Mountains that accommodate around 15% of the Pacific/North American right-lateral plate motion [e.g., Dokka and Travis, 1990; Miller et al., 2001] . The ECSZ has been actively accommodating right-lateral plate boundary shear for approximately 6-10 Ma [Dokka and Travis, 1990; Oskin and Iriondo, 2004] . Recent rightlateral slip rates along individual faults, determined from offset basalts and alluvial fans, range from <0.2 to 2.1 mm/yr [Hart et al., 1988; Oskin et al., 2007 Oskin et al., , 2008 . The combined slip rate across the major faults of the ECSZ is ≤6.2 ± 1.9 mm/yr [Oskin et al., 2008] . Recent earthquakes (e.g., M w 7.3 Landers earthquake of 1992 and the M w 7.1 Hector Mine earthquake of 1999) highlight the role of the ECSZ in accommodating deformation in Southern California.
[12] The Mojave Desert portion of the ECSZ is separated from the northern portion of the ECSZ by the Garlock fault, which intersects the San Andreas fault at the northern big bend [e.g., Hill and Dibblee, 1953] . The Garlock fault is a left-lateral strike-slip fault that has Holocene and Late Quaternary slip rates of 1.6-10.7 mm/yr [Smith, 1975; McGill, 1998; McGill et al., 2009; Carter, 1994; McGill and Sieh, 1993, 1991; LaViolette et al., 1980; Clark and Lajoie, 1974] .
[13] The south dipping North Frontal thrust system forms the north boundary of the San Bernardino Mountains. Scarps and folded Pleistocene alluvium reveal evidence for recent uplift along the thrust system [e.g., Eppes et al., 2002; Spotila and Anderson, 2004; Spotila and Sieh, 2000] . Uplift of a deeply weathered basement surface gives uplift rates of >0.5 mm/yr over the ∼2.5 million year history of uplift of the San Bernardino Mountains [Spotila and Sieh, 2000] . Estimates of uplift from late Pleistocene soils give slower rates of 0.05-0.3 mm/yr [Meisling, 1984] suggesting a midPleistocene slowing of reverse slip along the North Frontal thrust system [Meisling, 1984; Meisling and Weldon, 1989] .
Quaternary Uplift of the San Bernardino Mountains
[14] The San Bernardino Mountains have been uplifting since the early Pleistocene [Spotila et al., 1998 ]. Allen [1957] , Nicholson [1996] , Spotila et al. [1998], and Matti et al. [1992] propose that two opposing thrust faults worked together to uplift the San Bernardino Mountains; the south dipping North Frontal thrust and the north dipping San Andreas fault (Figure 1 ). An old erosional surface and ∼55 Ma apatite (U-Th)/He ages of bedrock within the San Bernardino mountains reveal that the northern portion of the San Bernardino Mountains has not experienced as much uplift as the southern San Bernardino Mountains since the onset of uplift ∼2.5 Ma [Spotila and Sieh, 2000] . Intermediate timescale (10 2 -10 4 years) denudation rates from cosmogenic 10 Be also suggest greater uplift for the southern San Bernardino Mountain blocks [Binnie et al., 2008] .
[15] Thermochronology data from sites near the San Andreas fault reveal the recent uplift history in the southern Bernardino Mountains. (U-Th)/He thermochronology indicates 3-6 km of uplift in the Yucaipa Ridge in the past 1.8 Ma [Spotila et al., 2001] , though this uplift may have either all occurred prior to 1 Ma at a rate of ∼5-7 mm/year or the Yucaipa Ridge may still be uplifting today at a much slower rate [Spotila et al., 2001] . Geologic evidence also supports significant uplift of the Yucaipa Ridge within the last 1.5 Ma [Yule and Sieh, 2003] , and steep, rugged topography provide evidence that uplift is still occurring today in the southern San Bernardino Mountains [e.g., Matti et al., 1992] . Spotila et al. [1998] suggest that the uplift of the Yucaipa Ridge did not occur at the same rate or in the same time period as the uplift of the Morongo block, also in the southern San Bernardino Mountains (Figure 1 ). The Morongo block has experienced less than 2 km uplift in the last 2 million years [Spotila et al., 2001] .
[16] The San Bernardino basin is a region of active deposition between the northern San Jacinto fault and the San Bernardino strand of the SAF . The rates of deposition have been estimated at 1-11.5 mm/yr based on age dates of buried alluvial fans [Carson et al., 1986] . InSAR reveals 0.5-2.0 mm/yr of subsidence over the past 5 years, which includes the effects of sediment compaction [Wisely and Schmidt, 2010] .
3. Evolution of the Active San Andreas Fault Geometry: Past 1 Ma
[17] The Mission Creek strand was the dominant strand of the San Andreas fault during the majority of the Pliocene (Figure 2 ). In the early Quaternary, the dynamics of the fault system changed with the development of the San Jacinto fault and the San Gorgonio Pass fault (Figure 1 ) [Matti et al., 1992; Morton and Matti, 1993] . The initiation of these faults is attributed to the development of restraining bend along the Mission Creek strand of the SAF that started around 2.5 Ma and became pronounced by 1.2 Ma. The uplift of the San Bernardino Mountains is also closely related to the development of this restraining bend. The bend in the Mission Creek strand may have developed in response to left-lateral slip along the Pinto Mountain fault (Figure 1 ) Matti et al., 1992] . The Pinto Mountain fault has similar geometric relationship to the southern big bend as the Garlock fault has to the northern big bend of the San Andreas fault.
[18] Intact alluvial soils across the Mission Creek strand of the SAF reveal that the 60-70°north dipping strand was abandoned around 500 ka in favor of the straighter Mill Creek strand of the SAF (Figure 2 ) Matti et al., 1992] . The vertical Mill Creek strand slipped 8 km over 380 ky, with a time-averaged slip rate of ∼21 mm/yr, before it was abandoned around 120 ka for the present-day San Bernardino and Garnet Hill strands of the SAF (Figure 2 ) Matti et al., 1992] . The westernmost end of the Mill Creek strand of the SAF shows evidence for offset of Quaternary terraces [Sieh et al., 1994] and latest Pleistocene earthquakes [McGill et al., 1999] ; however, soils of 120 ky age are not offset along the fault near Mount San Gorgonio. Recent activity of the Mill Creek strand of the SAF may be limited to the portion near the San Bernardino strand.
Numerical Investigations
[19] The numerical investigations of this study have two goals. First, we test that the models adequately simulate recent and present-day deformation by comparing with available geologic data. Once confident the models can adequately simulate deformation of the southern San Andreas fault, we evaluate the last 1 Ma of fault evolution using models that snapshot three phases of the San Andreas fault's configuration. We use these models to investigate the evolving mechanical efficiency of the fault system.
[20] We use Poly3D [Thomas, 1994] , a boundary element method (BEM) modeling code to simulate deformation along the faults of the southern big bend of the San Andreas fault. The triangular elements of Poly3D can accommodate the three-dimensional geometry of intersecting irregular fault surfaces more precisely then rectangular elements. The BEM only requires the discretization of fault surfaces whereas the Finite Element Method requires discretization of the whole volume. Minimizing discretization decreases model building and run time as well as discretization error [Crouch and Starfield, 1990] . Poly3D has been successfully used to model crustal deformation associated with complex three-dimensional active fault systems [e.g., Olson and Cooke, 2005; Marshall et al., 2010; Cooke and Marshall, 2006; Muller et al., 2006; Meigs et al., 2008; Marshall et al., 2008; Maerten et al., 2005; Dair and Cooke, 2009; Cooke, 2004, 2005] .
[21] The three-dimensional active fault surfaces within the BEM model are from the Southern California Earthquake Center's Community Fault Model (CFM) [Plesch et al., 2007] . Active fault surfaces were compiled from available geologic mapping, seismicity and geophysical data and defined to the base of the seismogenic crust [Plesch et al., 2007] . The fault surfaces defined by the CFM to the base of seismicity (∼18 km) are meshed within a linear elastic half-space. So that the fault slip is not artificially constrained at the basal tips of the faults, we extend the CFM faults to 35 km depth and insert a broad, freely slipping horizontal crack at this depth (Figure 3) . The surface deformation due to slip along a vertical strike-slip fault truncated by a buried horizontal slipping crack has identical solution to that of slip along a semi-infinite vertical strikeslip fault [Marshall et al., 2009] . Consequently, the freely slipping horizontal crack at depth simulates, to the first order, distributed deformation within fault zones below the seismogenic crust. The depth of the horizontal crack is arbitrarily chosen to match the imaged depth of the Mohorovicic discontinuity in this region [e.g., Magistrale et al., 2000] but near surface deformation is insensitive to horizontal crack depths below 20 km [Marshall et al., 2009] . The model includes 58 fault surfaces composed of 6452 triangular elements. The average element segment length of 4 km permits simulation of fault complexities ∼10 km and larger. This level of detail far surpasses that employed by pervious models that investigated the regional deformation of Southern California or all of California [e.g., Bird and Kong, 1994; Li and Liu, 2006; Smith and Sandwell, 2003; Becker et al., 2005; Meade and Hager, 2005; Spinler et al., 2010] . A small element size is needed to capture accurately the spatial variations in deformation associated with the complex active fault configuration of the southern Big Bend.
[22] To simulate the regional deformation, we prescribe an overall N52°W, 45 mm/yr right-lateral displacement onto the outer edges of the detachment to mimic plate motion [e.g., Bennett et al., 1999] . Each edge of the detachment is >300 km from the San Gorgonio Pass study area to minimize edge effects. Where the San Andreas and San Jacinto faults reach the edge of the model, the distal segments are assigned a strike-slip rate (Figure 3 ). Prescribing strike-slip rates along the edgemost fault segments simulates infinitely long faults within this finite model. All other faults and the detachment are prescribed zero opening and zero shear traction (i.e., frictionless), allowing the faults to slip freely in response to the applied tectonic loading and interaction with nearby faults. By dictating that the faults are weak in shear throughout the crust, these models simulate the cumulative interseismic and coseismic deformation that accrues over geologic timescales. Over the timescale of multiple earthquakes, the low strength on active faults may not reflect the fault's inherent strength between earthquake events but rather low strength reflects the dynamic weakening processes that occur during earthquakes [e.g., Ruina, 1983] . Long-term low frictional strength has been interpreted along active fault systems in California [e.g., Bird and Kong, 1994; Fulton et al., 2009; Mount and Suppe, 1987; Townend and Zoback, 2001] .
[23] The Poly3D models aim to simulate the deformation over multiple earthquake cycles but are prevented from accurately simulating long-term (i.e., >100,000 year) geologic deformation by the linear elastic properties of the host rock material within the models. Over long time spans, stresses that accumulate in the host rock are expected to dissipate via inelastic processes, such as microcracking, calcite twinning, pressure solution etc., that are not considered in these models. Because these long-term effects are not considered in the linear elastic models, each of the evolutionary models of this study represent short-duration "snapshots" within the evolution of the San Andreas fault. For the half-space models, we prescribe a Poisson's Ratio of 0.25 and a Young's Modulus of 30 GPa in order to represent an average of the different metamorphic and sedimentary rocks in the San Gorgonio Pass region [Birch, 1966] . Because the modeled faults have low strength and displacements are applied along the model boundaries, the elastic properties do not influence the slip rates or uplift rates; however, the properties do impact the resulting fault tractions used to calculate the work to deform the system. The results of linear elastic three-dimensional models of active faulting above a deep-seated horizontal crack, such as used in this study, match well the geologic deformation in Southern California [Cooke and Marshall, 2006; Meigs et al., 2008; Marshall et al., 2008; Dair and Cooke, 2009; Marshall et al., 2009] .
Present-Day Model Validation
[24] Dair and Cooke [2009] show that a three-dimensional model that contains only the present-day San Andreas and San Jacinto faults matches well the geologic slip rates along the San Andreas fault. In this study, we have added 38 active secondary faults including the Mojave Desert section of the Eastern California Shear Zone and revised the geometry of the San Jacinto fault. Before proceeding with the evolution models, we check that our models match recent geologic slip rate and uplift data for the region.
Fault Slip Rates
[25] The right-lateral slip rates along the San Bernardino strand of the SAF decrease south from Cajon Pass matching well the geologic slip rates (Figure 4a) . The model slip rates fall within the range of geologic slip rates by Weldon and Sieh [1985] (Figure 4a ). The model underestimates slip rates estimated by Harden and Matti [1989] from soil profile development at Wilson Creek; however, greater uncertainty is associated with slip rates estimated from soil profile development than with slip rates from age dating of materials used in the other geologic studies for the San Bernardino strand of the SAF. The model fits right-lateral slip rates along the San Bernardino segment at Burro Flats [Orozco, 2004; Yule and Spotila, 2010] .
[26] Our models show partitioning of strain along the Banning strand of the SAF and the San Gorgonio Pass faults with the San Gorgonio Pass fault accommodating predominantly reverse slip and the Banning strand of the SAF accommodating predominantly right-lateral slip. This partitioning follows the geologic evidence for the two faults [Yule and Sieh, 2003 ]. The modeled right-lateral slip rate on the Banning fault matches the older of the slip rate estimates of Yule and Sieh [2003] from a fanglomerate at Millard Canyon (>300 m over <100 ka; Figure 4 ). This same site reveals reverse slip rates of 0.7-0.9 mm/yr over ∼3 ka and ∼1.4 over 100 ka. The reverse slip along the modeled Banning fault varies from 1 to 3 mm/yr near Millard Canyon (Figure 4b ), which overlaps with the longer-term slip estimate from Yule and Sieh [2003] . The modeled reverse slip rate for the San Gorgonio Pass fault at Millard Canyon is 4-5 mm/yr, which is greater than, but consistent with the >2.5 mm/yr estimated by Yule and Sieh [2003] (Figure 4b ). The model also shows large spatial variation in strike slip and reverse slip along the San Gorgonio Pass fault, which may owe to the scalloped nature of the fault. The northwest striking segments show greater component of strike slip than the northeast striking segments, which show greater component of thrust (Figures 4b and 4c ). This is consistent with geologic observations of slip partitioning along the segments of the San Gorgonio Pass fault [Yule and Sieh, 2003] . Yule and Sieh [2003] do not see evidence for left-lateral slip along the San Gorgonio Pass fault that is displayed by the model (Figure 4a ). Within the model, the Banning strand slips everywhere along its length, whereas the Banning strand of the SAF only shows recent activity in a few places. If the inactive portions of the Banning strand were removed from the model, the right-lateral slip along the Banning strand may be accommodated along the San Gorgonio Pass fault thereby eliminating the anomalous left-lateral slip.
[27] The modeled right-lateral slip rates along the Coachella segment of the San Andreas south of the juncture of the Mission Creek and Banning strands of the San Andreas fault fall within slip rate ranges determined at Biskra Palms by both Behr et al. [2007] and by van der Woerd et al. [2006] (Figure 4a ). The majority of the available geologic strike-slip rate data are well matched along the modeled San Andreas fault from Cajon Pass to the Indio Hills and lead us to conclude that the model captures many of the first-order aspects of deformation within the region.
[28] The modeled right-lateral slip rates along the San Jacinto fault increase to the south from Cajon Pass (Figure 4c ). At the San Timoteo badlands, the model predicts right-lateral slip of 10 mm/yr, far less than the slip rates The vertical bars show slip rate ranges from geologic studies with colors matching those of the fault segment investigated. The black curve is the summed strike-slip rate from all modeled fault segments. The modeled faults match slip rates at most of the sites of geologic investigation. Left-lateral slip along the San Gorgonio Pass fault is likely an artifact of permitting slip along the entire Banning strand of the SAF, which is only observed to have recent slip at a few places. (b and c) The modeled reverse and strike-slip rates at the Earth's surface along the traces of active faults. The size and color of the circle indicates the slip rate magnitude. Normal sense of slip along the western San Gorgonio Pass fault does not match observations of recent uplift in this region. The region of low strike-slip rates along the San Andreas fault corresponds spatially with the region of increased strike-slip rate along the San Jacinto fault. The traces of the Crafton Hills faults are shown in gray.
of Kendrick et al. [2002] but within the 6-13 mm/yr slip rate range determined by Prentice et al. [1986] (Figure 4c ). Along the Anza segment of the San Jacinto fault, the modeled slip rate of 12.5 mm/yr is within the 7-23 mm/yr range estimated from Rockwell et al. [1990] (Figure 4c) .
[29] The left-lateral strike-slip rates along the modeled Garlock fault match well many of the geologic slip rates ( Figure 5 ). The lack of radiocarbon dates for the slip rates shown in light gray on Figure 5 may account for the discrepancy between model and estimated strike-slip rates at Mesquite Canyon [Carter, 1994] . The model underestimates slip rates by nearly 2 mm/yr at the Clark Wash site determined by McGill et al. [2009] . The Garlock fault is at the northern edge of our model and the Eastern California Shear Zone faults north of the Garlock fault are not in the present model. Inclusion of these faults may increase Garlock slip rates because rotation of fault bound blocks in the northeastern Mojave has been proposed to facilitate left-lateral slip along the Garlock fault [Humphreys and Weldon, 1994; Guest et al., 2003] . Additionally, the CFM representation of the Garlock fault has two unconnected segments. If these segments merged at depth, strike-slip rates may increase along the central portion of the Garlock fault. Nevertheless, many of the observed left-lateral slip rates on the Garlock fault are matched by the model. The modeled slip rates also match well the spatial variability in the geologic observations.
[30] The model results are compared to strike-slip rates determined for six faults of the southern Eastern California Shear Zone from offset basalts and alluvial fans ( Figure 6 ). Modeled right-lateral slip rates at the sites of investigation are within the geologic ranges for many of the faults. Strikeslip rates along several faults exceed the geologic ranges. The modeled Lenwood-Lockhart fault has right-lateral slip of ∼2.4 mm/yr at the alluvial fan site where 0.8 ± 0.2 was measured [Oskin et al., 2008] . The modeled Camprock fault has ∼2.7 mm/yr of right-lateral slip at the alluvial fan site where 1.4 ± 0.6 was measured [Oskin et al., 2008] . The overestimation of slip rates along these faults likely owes to the lack of fault step overs. The faults within the model are generally more smooth than the segmented fault traces observed in the field, so that the inclusion of more step overs and reduction of fault surface continuity would likely reduce slip rates. In contrast, the modeled Pisgah-Bullion fault has 0.3 mm/yr of right-lateral slip at the site where 1.0 ± 0.2 mm/yr of slip was determined from 752 ± 110 ka basalt offsets [Hart et al., 1988; Oskin et al., 2008] . The model's underestimation of slip along the Pisgah-Bullion fault may owe to the short length of this fault compared to the fasterslipping faults to the west ( Figure 6 ). The cumulative weighted average strike-slip rate across the six major faults of the shear zone is 8.2 ± 0.8 mm/yr, which overlaps with the ≤6.2 ± 1.9 mm/yr range of geologic slip summed on these by Oskin et al. [2008] . In general, the model does a good job of matching most of the geologic slip rates available for the Eastern California Shear Zone.
Modeled Uplift Patterns
[31] Although the boundary element method elastic halfspace model does not explicitly consider isostastic compensation of the crust, we correct the model uplift rates using a crustal flexure model. For these isostatic compensation corrections we use mantle density of 4100 kg/m 3 , crustal density of 2700 kg/m 3 and two values for the flexural rigidity of the crust; 2 × 10 22 Pa m 3 and 2 × 10 23 Pa m 3 . This range of crustal flexural rigidity provides a range of model uplift rates for comparison with thermochronologic data. Figure 7 presents the modeled uplift rate maps with flexural rigidity of 2 × 10 23 Pa m 3 ; a lower flexural rigidity of 2 × 10 22 Pa m 3 decreases the magnitude of uplift rate but does not significantly change the uplift rate pattern.
[32] The present-day model shows greatest rates of uplift along the San Andreas fault with another lobe of high uplift rates along the North Frontal fault. Within the San Bernardino Mountains, the uplift decreases to the north with distance from the San Andreas fault. This pattern of uplift within the present-day model is consistent with the pattern [Binnie et al., 2008] . However, the numerical model also predicts an increase in uplift rates near the North Frontal fault that doesn't match the intermediate denudation rate pattern.
[33] Two areas in the southern San Bernardino Mountains show significant uplift in the present-day configuration. The sliver of material between the Banning and the Garnet Hill strands of the SAF uplifts because the two faults merge at depth; the material between the faults is squeezed up within the model, in similar manner to a watermelon seed pinched at its base by two fingers. The Morongo block also uplifts in the present-day model, just north of the eastern most portion of the San Gorgonio Pass thrust ("M" in Figure 7) . The model produces subsidence >1 mm/yr within the San Bernardino Basin, which is consistent with depositional rates of 1-11.5 mm/yr in this valley [Carson et al., 1986] and InSAR observations [Wisely and Schmidt, 2010] .
[34] The spatial patterns of rock uplift in the present-day model do not match well the uplift evidence to the south of Yucaipa Ridge. In the model, the hanging wall of the western San Gorgonio Pass fault is subsiding as this portion of the fault slips with normal sense of dip slip (Figure 4 and south of "Y" on Figure 8 ). This counters geologic evidence of recent uplift of the Banning bench on the hanging wall of this portion of the fault. The occurrence of extension in this region is consistent with the extensional step over from San Bernardino strand of the SAF to the San Jacinto fault. Extension is expressed north of the San Gorgonio Pass fault on the Crafton Hills normal fault system (shown in gray on Figure 4b ), which is not part of the CFM. Inclusion of the Crafton Hills faults in the model may reduce normal slip along the westernmost San Gorgonio Pass fault.
Evolution Models
[35] The evolution of the San Bernardino segment of the San Andreas fault over the past 1 Ma is investigated using three-dimensional fault configurations at three distinct phases of the southern San Andreas fault evolution [e.g., Matti and Morton, 1993; Matti et al., 1992] . Interactive Figure 6 . Modeled strike-slip rates along faults of the Eastern California Shear Zone compared to geologic estimates from basalt and alluvial fan offsets. The color and size of the circles represent the model strike-slip rate at the center of each element along the surface trace of the fault. Slip rates slower than 0.5 are difficult to discern. Slip rates on dashed faults are not plotted. The geologic study sites are shown with stars filled with the color of the observed slip rate. The model predicts fastest slip rates along the Lenwood-Lockhart, Camprock, and Calico faults. Model slip rates along the Lenwood-Lockhart and Camprock faults at the sites of measured alluvial fan offsets exceed geologic estimates. The modeled Pisgah-Bullion fault underestimates right-lateral slip rate. The summed average model slip on these six faults is 7.5 ± 0.2 mm/yr, within the range of summed geologic slip, 6.2 ± 1.9 mm/yr. three-dimensional pdf files of each model configuration are provided in the auxiliary material.
1 The evolution is not extended before 1 Ma because we do not, in this study, consider the impact of the inception of the San Jacinto fault around 1.5 Ma on the fault system. The initiation of the San Jacinto fault may have significantly slowed slip rates on the San Andreas fault around 1.5 Ma [e.g., Li and Liu, 2006] .
[36] The difference between each of the three evolutionary models concerns the geometry of the main strand of the southern big bend of the San Andreas fault. The first model configuration simulates the San Andreas fault >500 ka when the kinked and north dipping Mission Creek strand of the SAF was active (Figure 2 ). The second model simulates a snapshot between 500 and 120 ka when the Mill Creek strand of the SAF was the main active strand after the Mission Creek strand of the SAF is abandoned (Figure 2) . In the present-day configuration, the Mill Creek strand of the SAF is abandoned for the San Bernardino, the Garnet Hill and the Banning strands of the SAF (Figure 2) . By comparing the deformation within each, we seek to better understand the evolution of this fault system.
Evolution of Uplift Within the San Bernardino Mountains: Additional Model Validation
[37] During the modeled active period for the Mission Creek strand of the SAF (>500 ka), a maximum uplift rate of ∼6 mm/yr occurs at the southern edge of the Yucaipa Ridge block in the Southern San Bernardino Mountains ("Y" in Figure 7 ). Meanwhile, the area of the San Bernardino basin experiences a maximum down-drop rate greater than 2 mm/yr. The range between maximum uplift and down-drop rates decreases from the Mission Creek configuration to the model of the Mill Creek strand of the SAF (Figure 7) . The vertical Mill Creek strand of the SAF (active 500-120 ka) is not as effective at uplifting the range as the north dipping Mission Creek strand, which acts in concert with the south dipping North Frontal fault to uplift the San Bernardino Mountains. Modeled uplift rates within the San Bernardino Mountains increase from the Mill Creek model to the present-day model (Figure 7) .
[38] To compare the modeled uplift rates to available rock exhumation rates determined with long-term (1 × 10 6 year) (U-Th)/He ages and incision depth analysis [Spotila and Sieh, 2000; Spotila et al., 2002] , we time average the modeled uplift rates over 1 Ma by weighting the uplift rate from each configuration by the time over which that configuration was active. Because the Mission Creek fault is active over most of the last 1 Ma, the time-averaged uplift rate pattern most closely resembles that of the Mission Creek model. Measured denudation rates (Figures 7c and 8) reflect the combined effects of rock uplift and erosion. If erosion rates are regionally consistent, then denudation rates measured by (U-Th)/He ages correlate to rock uplift rates. The strong decrease in modeled time-averaged uplift rate northward from the Yucaipa block mimics the long-term denudation rate pattern (Figure 8 ). The long-term denudation rates show some increase adjacent to the North Frontal fault but not to the degree of increased uplift rate shown in the time-averaged model results.
[39] The North Frontal thrust system is interpreted to have slowed in the mid-Pleistocene with slip rates dropping from >0.5 mm/yr over the last 2-3 Ma [Spotila and Sieh, 2000 ] to 0.05-0.3 since the late-Pleistocene [Meisling, 1984] . Within the numerical model, near-surface reverse slip rates for the thrust are 1.9 ± 0.4 mm/yr for the past 500 ka and 2.8 ± 0.9 mm/yr over the past 2.5 Ma. Although the modeled slip rates are high, the models do support a slowing of reverse slip along the North Frontal thrust system within the midPleistocene that could be associated with the development of the Mill Creek strand of the SAF (active 500-120 ka). Offset of a deeply weathered basement surface across the North Frontal fault shows up to 1.7 km of throw over the 2.5 Ma history of San Bernardino Mountain uplift [Spotila and Sieh, 2000] . In contrast, the time-averaged modeled slip for the North Frontal fault produces 4.5 km of throw within this time. This large discrepancy suggests that the model overestimates reverse slip rates on this fault. This is also consistent with the mismatch between the measured denudation rates and the modeled uplift rates adjacent to the North Frontal fault (Figure 7c ).
[40] Recent uplift rates have been determined at specific locations within the Yucaipa Ridge and Morongo blocks of the southern San Bernardino Mountains. We can use the time-averaged uplift from specific sites in the model over the particular time span considered by the thermochronologic data. The time-averaged modeled uplift rate of the western portion of the Yucaipa Ridge block is 2.7-3.0 mm/yr over the past 1.8 Ma for the range of crustal rigidity modeled (Y on Figure 7b ). These modeled slip rates fit within the range of time-averaged geologic uplift rates of 1.6-3.3 mm/year for the Yucaipa Ridge region over the past 1.8 Ma [Spotila et al., 2001] . The Morongo block only experienced uplift within the models simulating the past 500 ka (Figure 7 ). Within this time period, the modeled Morongo block uplifts at a rate of 0.9-1.0 mm/yr with most of the uplift occurring within the present-day model (1.6-1.8 mm/yr). This timeaveraged rate of uplift gives a total uplift of 0.47-0.49 km over 500 ka, which is consistent with thermochronologic data that constrain less than 2 km of exhumation within the past few million years [Spotila et al., 2001] .
Evolution of Fault Slip
[41] To better understand the change in mechanical efficiency from one model configuration to the next, we map the reverse and strike-slip rates along the modeled faults for each of the modeled phases of southern San Andreas fault evolution (Figure 9) .
[42] The North Frontal thrust and East North Frontal thrust faults experience the greatest reverse slip rates in the Mission creek configuration (Figure 9) . The reverse slip rates on the North Frontal thrust system decrease during the time of the Mill Creek strand of the SAF (500-120 ka) and increase from the Mill Creek configuration to the presentday configuration, but does not reach the same level of activity as in the Mission Creek configuration (>500 ka). This echoes the evolution of the uplift pattern for the San Bernardino Mountains (Figure 7) .
[43] Nearly all segments of the San Andreas fault have greater right-lateral slip in the Mill Creek (500-120 ka) model configuration than either the Mission Creek (>500 ka) or present-day configurations. The modeled slip rates along the Mill Creek strand of the SAF are 21.3 ± 1.1 mm/yr (Figure 9b ) in agreement with the 21 mm/yr slip rate estimated by 8 km of offset by this strand [Matti et al., 1985] . The San Jacinto has lesser strike-slip rates when the Mill Creek strand of the San Andreas is active (500-120 ka) than when either the Mission Creek strand of the SAF or Garnet Hill strand of the SAF and San Gorgonio Pass fault (present day) are active. The model results indicate a trade off in activity level between the San Andreas and the San Jacinto faults for the phases modeled (Figure 9 ).
Evolving Mechanical Efficiency: Tectonic Work and Total Net Slip
[44] This study proposes that the San Andreas fault has evolved to become more mechanically efficient over the past 1 Ma. The overall efficiency of fault systems can be assessed by the tectonic work required to deform the system. Efficient deformational systems require less force to accommodate the same strain as inefficient systems, so that the total tectonic work (work = force * distance) is less for efficient systems [e.g., Mitra and Boyer, 1986; Platt, 1988; Melosh and Williams, 1989; Gutscher et al., 1998; Masek and Duncan, 1998; Burbidge and Braun, 2002; Maillot and Leroy, 2003; Del Castello and Cooke, 2007; Cooke and Murphy, 2004; Ismat, 2009; Souloumiac et al., 2009; Marshall et al., 2010] . The tectonic work applied to a fault system can be consumed by a variety of processes within the system, such as mechanical work of internal deformation, frictional heating, uplift against gravity, work of fault propagation and seismic radiated energy [e.g., Cooke and Murphy, 2004] . Within the models of this study, the tectonic work applied to the system is only consumed as internal work of host rock deformation; these models do not include frictional resistance on faults and ignore gravitational body forces and fault propagation. Even within systems of frictional faults with gravitational body forces, the internal work can consume the majority of the total work budget for the fault system [Del Castello and Cooke, 2007; Marshall et al., 2010] .
[45] The total work to deform the models representing the three evolutionary stages of the San Andreas fault is integrated from work along the portions of the model with prescribed slip, i.e., the outer ring of the horizontal detachment (Figure 10a) . The transitions between stages appear abrupt on Figure 10 because we consider discrete snapshots of the overall evolution. The total slip accommodated by faults during the transition from one configuration to another may be quite complex. The Mill Creek model requires ∼25 GJ/yr less work to deform than the Mission Creek model. This suggests that the Mill Creek fault geometry (active 500-120 ka) is more efficient than that of the Mission Creek fault (>500 ka). The present-day model requires ∼23 GJ/yr more work than the Mill Creek fault to accommodate the applied tectonic loading, indicating a decrease in efficiency with the transition from the Mill Creek to the present-day fault configuration.
[46] Because mechanically efficient fault systems will have greater fault slip and less off-fault deformation than inefficient fault systems, the total net slip within a model can also assess the overall mechanical efficiency of the modeled fault system. The advantage of investigating total net slip, rather than average net slip, is that fault systems that have more faults are not penalized for accommodating comparable total slip over multiple fault surfaces. We normalize the total net slip to the total strike slip applied to this system so that the results do not depend on the size of the volume modeled.
[47] The modeled total net slip increases from 82% to 86% of the applied strain from the Mission Creek configuration (>500 ka) to the Mill Creek configuration (500-120 ka) while the corresponding proportion of off-fault deformation decreases (Figure 10b ). From the Mill Creek to the presentday configuration the total net slip decreases (86% to 82%) and off-fault deformation increases. A greater proportion of off-fault deformation occurs in the Mission Creek and present-day configuration models, which both have significant uplift, than in the Mill Creek fault configuration. The changes in total net slip along just the strands of the San Andreas fault mimic the changes in total net slip along all of the modeled faults. Furthermore, the changes in mechanical efficiency, revealed by total net slip are primarily due to changes in efficiency of the San Andreas fault system. The total net slip agrees with the integrated work results to suggest that mechanical efficiency increases with the abandonment of the Mission Creek strand for the Mill Creek strand and decreases from Mill Creek to present day.
[48] The increase in mechanical efficiency with the Mill Creek configuration suggests that plate boundary deformation is more efficiently accommodated by strike slip along vertical strands of the San Andreas fault (e.g., Mill Creek) than uplift of the San Bernardino Mountains via reverse slip along the North Frontal thrust and dipping strand of the San Andreas fault (e.g., Mission Creek and present-day models).
[49] The total displacement accommodated by the Eastern California Shear Zone changes with the evolution of the San Andreas fault. The average right-lateral slip rate summed for the major six faults of the ECSZ in the Mission Creek model (>500 ky) is 8.1 ± 0.9 mm/yr, which drops to 7.9 ± 1.0 mm/yr in the Mill Creek model (500-120 ky). The summed slip rate for the present-day model is 8.2 ± 0.8 mm/yr. When the San Andreas slows, the Eastern California Shear Zone speeds up (Figure 11 ). This is consistent with the kinematic model for clustered activity on the ECSZ proposed by Dolan et al. [2007] . In this kinematic model, when the Eastern California Shear Zone accommodates plate motion via earthquakes, the San Andreas fault north of the Coachella segment and the faults of the Los Angeles basin have fewer earthquakes and vice versa [Dolan et al., 2007] . The same processes that may account for clustering of earthquakes within the paleoseismic record may also account for shifts in slip rates during longer time span changes in the active fault system. Just as stresses may build up over several earthquake cycles to facilitate slip along alternative active faults, over several hundred thousand years, the build up of stresses may produce changes to the geometry of the active fault system. Within this study, models that favor slip along the Eastern California Shear Zone are less efficient at accommodating the plate boundary deformation than models that favor slip along the San Andreas fault. The applied boundary conditions partition 35 mm/yr of right-lateral slip to the San Jacinto and San Andreas faults leaving 10 mm/yr for all other faults. Different boundary conditions may favor slip along the Eastern California Shear Zone and show greater efficiency for fault systems with greater activity along the ECSZ.
Discussion and Implications
[50] The increase in net slip and the decrease in total work from the Mission Creek configuration to the Mill Creek configuration suggests that around 500 ka the San Andreas fault becomes more efficient as it develops a new active fault strand and abandons activity on the Mission Creek strand. These results support the premise of Matti et al. [1992] and Matti and Morton [1993] that the Mill Creek strand developed to bypass the kink in the Mission Creek fault and improve the efficiency of the San Andreas fault. Therefore, the work cost of creating the Mill Creek fault must be less than the difference in work from one stage to the next (25 GJ/yr). If we knew something about the duration and nature of the creation of the Mill Creek fault, we could estimate the work consumed in the creation of the fault from the change in work between the earlier and new fault configuration. Alternatively we can estimate the duration of Mill Creek fault development from estimates of the work of fault development within previously intact rock from mining induced earthquakes in South Africa (∼3-10 × 10 6 J/m 2 ) [Wilson et al., 2005] . This surface energy would require the Mission Creek to be inefficient for 100-300 ka until the energy savings of slip along the 50 km long Mill Creek strand of the San Andreas fault exceeds the cost of developing this new fault. This calculation makes a variety of assumptions about stiffness of the crust, lack of preexisting weaknesses, and the nature of fault development, which often involves the linkage of smaller segments. To understand the work of new fault creation, it is best to investigate small increments of fault growth rather than snapshots of fault evolution far apart in time.
[51] The decrease in mechanical efficiency from Mill Creek to present day ∼120 ka may indicate that fault systems do not evolve to greater efficiency or that the model doesn't accurately capture the fault's evolution. Because of the The net slip is integrated along all fault surfaces and normalized to the applied shear along the boundaries. The shaded bars represent each phase in the recent evolution of the southern San Andreas fault; the shading indicates that the model represents some point during the active phase of each strand. Both the applied work and the net slip show that the transition from the Mission Creek to Mill Creek configurations of the San Andreas is associated with an increase in mechanical efficiency. The present-day fault configuration of the southern San Andreas is less efficient than the Mill Creek system that was active >120 ka. The dashed line shows a hypothetical work path for the Mission Creek strand of the SAF as its kink is enhanced.
complex nature of the San Andreas fault system, we favor the possibility that the model oversimplifies aspects of the natural systems. For example, the models assume uniform tectonic loading over the past 1 Ma. While we have no geologic evidence for large changes in tectonic loading, small changes during this time, such as discussed in section 7.2, may impact the evolution of the fault system efficiency. Alternatively, revised configurations of the fault network could impact how deformation is accommodated within the fault system. Previous investigations of three-dimensional fault geometry in Southern California reveal that fault slip rates are very sensitive to fault configuration [Griffith and Cooke, 2004; Meigs et al., 2008; Marshall et al., 2008] . Potential revisions to the active fault configuration, such as discussed in section 7.3, may alter the work analysis.
[52] One might argue that the presence of long-lived complex active fault systems negates the premise that faults evolve to maximize efficiency, because these fault systems should have already self-organized to a mechanically efficient configuration. The presence of restraining bends along the San Andreas fault might seem to preclude a work minimization process in fault evolution. However, the San Andreas fault is not deforming in isolation within the North America -Pacific plate boundary. Other active structures, such as the Pinto Mountain fault, the Eastern California Shear Zone and the San Jacinto fault deform the crust and may alter the configuration of the San Andreas fault, bringing it farther from efficiency. Furthermore, the cost of new fault creation is nonnegligible, as demonstrated in the estimate that the Mission Creek strand of the SAF may be inefficient for 100-300 ka before the straighter Mill Creek strand of the SAF can develop. The work creating a new fault prevents faults from achieving ultimate efficiency and sustains slip along inefficient fault systems.
[53] One challenge for work minimization analyses is choosing the most appropriate spatial scale of investigation. Local inefficiencies may develop within fault systems that are generally efficient [Cooke and Kameda, 2002; Cooke and Murphy, 2004; Del Castello and Cooke, 2007] . For example, new forethrusts in front of an accretionary wedge produce locally high off-fault deformation, indicative of inefficiency, but the system as a whole consumes less work with further deformation. It seems that work minimization may not be strictly applicable for every scale of fault evolution; the larger the scope of investigation, the more complete the analysis. For example, this study may suffer from not including the effects of active faulting within the Peninsular Ranges and the northern Eastern California Shear Zone. While the ideal model might include every active fault within a deforming plate boundary, computational limits also force us to consider only the first-order controls on the fault system of interest.
[54] Another challenge to work minimization analysis with numerical models is that the models, by necessity, make assumptions about deformation. The transition between different San Andreas fault configurations is without a doubt more complex than the investigation of 'snapshots' at different stages employed in this study. Within the models of this study, inelastic processes that accommodate distributed off-fault deformation are not considered. Furthermore, the models consider neither material contrasts nor chemical processes that might consume strain energy. The work analysis of this study is not complete but focuses on the geometric aspects of fault evolution. Because three-dimensional fault configuration exhibits a first-order control on slip rates, inaccurate fault geometry for the active fault system may likely account for the apparent decrease in mechanical efficiency from the Mill Creek configuration to the present-day configuration. The enigmatic transition from the Mill Creek strand to the Garnet Hill and Banning strands of the SAF reveals gaps in our understanding of these faults and their role in the recent evolution. We have few constraints on slip rates along the 120,000 year old Garnet Hill strand of the SAF and the geometry of the fault may be far more complex than represented in the CFM [Nicholson et al., 2010] . Geologic and geomorphic investigation of the Garnet Hill strand of the SAF would yield important constraints on recent development of the San Andreas fault system.
Paleofault Geometry and Tectonic Loading
[55] The present-day geometry of the inactive San Andreas fault strands may not accurately reflect the geometry of the fault strands when they were active. The snapshot models presented here are not able to assess geometric Figure 11 . The right-lateral slip accommodated across the six primary faults of the Eastern California Shear Zone (ECSZ; thin line), the San Jacinto fault (dotted line), the San Andreas fault (dashed line) and the total slip across these structures (thick line). Error bars show the standard deviation for each. The present-day model has the greatest variation of strike-slip rate along the San Andreas fault. Most of the applied 45 mm/yr is accommodated as rightlateral slip across the ECSZ, San Jacinto, and San Andreas faults; the remainder of the applied strain is accommodated as deformation off of these faults.
changes to the faults during slip; slip along one fault can impact the geometry of nearby faults. For example, the Mission Creek strand of the SAF may have developed or enhanced its kink due to interaction with the left-lateral Pinto Mountain fault [Matti et al., 1992] . If our model incorporated a less kinked version of the Mission Creek strand, the right-lateral strike-slip rates along the Mission Creek strand of the SAF would increase and the work to deform the system would decrease. If we play this evolution forward through the development of the kink in the Mission Creek strand, the work to deform the system would increase as the kink geometry intensifies. This hypothetical work path is sketched with a dotted line on Figure 10a . The work increases until the development of the Mill Creek strand of the SAF, at which time deformation is more easily accomplished on the new strand of the SAF and the Mission Creek strand is abandoned. The Mill Creek strand shows no evidence of activity prior to 500 ka, suggesting that the Mill Creek developed in order to increase the efficiency of the system. Consequently, we would not expect a monotonic decrease in external work during the evolution of a fault system, rather we would expect periods of gradually increasing work (decreasing mechanical efficiency) punctuated by abrupt changes to greater efficiency associated with the development of activity along a new fault strand ( Figure 10 ). This is the pattern observed within sandbox simulations of accretionary wedges where the underthrust phases are associated with decreasing efficiency requiring greater tectonic work; when a new forethrust develops ahead of the wedge, the tectonic work decreases [Del Castello and Cooke, 2007] . The development of the Mill Creek fault strand could represent a transition to a more efficient fault system, in a manner similar to the development of the forethrusts ahead of the wedge.
[56] If the kink geometry of the Mission Creek strand of the SAF intensifies over the life of this strand, then the deformation associated with the kink would vary temporally. For example, the very fast uplift rates at Yucaipa ridge may be more indicative of rates toward the end of the activity along the Mission Creek strand of the SAF, when the kink is more pronounced, than during the earlier phases of its history. This hypothesized temporally changing Mission Creek strand configuration would reduce the timeaveraged uplifts presented in this paper.
Local Contraction
[57] The key to understanding the abandonment of the Mill Creek strand of the SAF for the present-day model may lie in the different ways that these two configurations accommodate deformation. The present-day configuration accommodates greater uplift of the San Bernardino Mountains via slip along the San Gorgonio Pass fault and the North Frontal fault. The uplift of the San Bernardino Mountains within the present-day fault configuration could be facilitated by a component of local contraction beyond that offered by the presence of the restraining bend along the San Andreas. A component of local contraction could facilitate uplift and favor the present-day model over the Mill Creek strand of the SAF. For example, Fay et al. [2008] suggest that a low-velocity body in the upper mantle below the San Bernardino Mountains may impose stresses at the base of the crust that would promote contraction across the San Bernardino Mountains. However, velocity heterogeneities in the crust are likely to be long lived and may not account for a transition from strike slip to reverse faulting only 120 ka. Furthermore, GPS station velocities do no show evidence for significant contraction across the southern San Andreas [e.g., Bennett et al., 1999] . Another possibility is that the deformation of the San Andreas fault system may be sensitive to small variations in the orientation of NW directed shear, which should be investigated in a future study [Fay et al., 2008] .
Potential Overestimation of Reverse Slip Rates
[58] The overestimation of reverse slip along the North Frontal fault could be due to a variety of assumptions within our boundary element method models. The San Gorgonio Pass fault also has locally high reverse slip rate of up to 4.5 mm/yr in our model. This slip rate doesn't conflict with available slip rate data, which establish a minimum reverse slip rate of 2.5 mm/yr [Yule and Sieh, 2003 ] but the reverse slip rate is still quite fast. Interestingly, slip rates along subvertical faults, such as the San Bernardino strand of the SAF (Figure 4 ) the Garlock fault ( Figure 5 ) and faults of the Eastern California Shear Zone (Figure 6 ), match well the geologic slip rates. The mismatch of reverse slip rates within this study contrasts the results of similar threedimensional models of the Los Angeles [Marshall et al., 2009] and Ventura basins. In those studies, both the reverse and strike-slip rates along the faults match well the geologic slip rates. This suggests that the mismatch of slip rates along the North Frontal thrust and San Gorgonio Pass faults in this study, is not the consequence of general model assumptions (e.g., neglect of friction).
[59] The discrepancy in reverse slip rates may have to do with misrepresentation of the faults' subsurface geometry. In the absence of subsurface constraints, the SCEC CFM fault surfaces are extrapolated from the fault traces. Irregularities along a fault trace that are extruded to depth will impede strike slip but will not impede dip slip on a fault. If the North Frontal or San Gorgonio Pass faults have downdip irregularities in fault topology, the reverse slip could be slowed. For example, Yule and Sieh [2003] interpret that the San Gorgonio thrust steepens with depth to account for local extensional structures in the hanging wall, though this geometry is not yet included in the CFM. Downdip variations along the North Frontal and San Gorgonio Pass faults should be constrained with geophysical data and explored in future modeling efforts.
[60] The model uplift rates associated with reverse slip along the Mission Creek strand of the SAF match well thermochronologically constrained uplift rates at Yucaipa Ridge, which show intensified uplift at that time. The thermochronologic data reveal uplift over 1.8 My, which spans the inception of the San Jacinto fault. If the San Jacinto fault were removed from the Mission Creek configuration, slip rates along the San Andreas fault would increase and so would modeled uplift rates at the Yucaipa ridge. The model's present match to thermochronologic uplift rate at Yucaipa ridge may reflect a combination of both underestimation of slip for the period prior to the development of the San Jacinto fault and overestimate of reverse slip due to potential changes in Mission Creek geometry discussed in section 7.1.
Geologic Slip Rates Versus Rates Determined From GPS Station Velocities
[61] Geologic estimates of slip rates from some active faults in Southern California differ from slip rates inferred from GPS station velocities. For some faults, such as the Eastern California Shear Zone the geodetic slip rates are faster than the geologic whereas for others, such as the San Bernardino strand of the SAF and Garlock faults, the geodetic slip rates are slower than the geologic slip rates.
[62] The geologic estimates of right-lateral slip rate across the ECSZ, ≤6.2 ± 1.9 mm/yr [Oskin et al., 2008] differ significantly from slip rates from geodetic measurements, which indicate about 11-16 mm/yr across the ECSZ [e.g., Miller et al., 2001; Meade and Hager, 2005; Spinler et al., 2010] . The large discrepancy between the geologic and geodetic slip rates along the ECSZ has been topic of much recent debate. The slip rate discrepancies may reflect recent accelerated loading of the ECSZ faults [Dolan et al., 2007; Oskin et al., 2008] . Our present-day model results show 8.2 ± 0.8 mm/yr right-lateral slip across the faults of the ECSZ, which overlaps with the upper end of the range of geologic rates. The slip rates along the modeled ECSZ faults change with recent evolution of the San Andreas fault. The model results suggest that right-lateral slip rates during the Pleistocene may have been lower than during the Holocene; however, these differences are small and do not account for the discrepancy between the geologic and geodetically derived slip rates for the ECSZ.
[63] Finite Element Method block models have used GPS station velocities to estimate right-lateral strike-slip rates of 5.1 ± 1.5 mm/yr [Meade and Hager, 2005] and 0.9 ± 10 mm/yr [Becker et al., 2005] along the San Bernardino strand of the SAF and left-lateral strike-slip rates of 0-4.7 mm/yr [Meade and Hager, 2005] and 3.1 ± 10 mm/yr [Becker et al., 2005] along the Garlock fault. Although the block model strike-slip rates for the Garlock fault overlap the geologic rates and the slip rates in the models of this study, the block model-derived slip rates along the San Bernardino strand of the SAF are lower than geologic observations and our model results. The block models serve very well to incorporate a large amount of GPS velocity data, and in the case of Becker et al. [2005] focal mechanism data, into a kinematically consistent framework but suffer from geometric limitations of the models. Because the faults must form closed volumes, the resulting fault network is overly intersected. This can significantly alter the partitioning of slip among faults of the system. Furthermore, the simplified nature of fault configuration (necessitated by the size of the block model) and the requirement of uniform slip along any segment preclude the block models from capturing the details of spatial slip variability along faults (see Figures 4 and 6) . The boundary element method models used in this study are well suited for investigating the spatial variations in slip along the complex fault networks within Southern California.
Trade-Off Between Slip Along the San Andreas and San Jacinto Faults
[64] The San Jacinto and San Andreas faults both accommodate right-lateral shear across the plate boundary and our model results show a trade-off in slip rates between these two faults. Bennett et al. [2004] compiled the geologic, geomorphic and geodetically derived slip rates to infer alternating tradeoffs in activity between the San Andreas and San Jacinto faults over the past 1.5 Ma; however our results oppose their conclusions. Bennett et al. [2004] interpret slow slip rates on the San Andreas from 1 Ma to 30 ka followed by faster slip rates within the past 30 ky. In contrast, our models show relatively slow slip rates along the presently active fault configuration and faster slip from 500 to 120 ka. The Bennett et al. [2004] analysis did not consider the spatial variations in slip that occur along the San Andreas fault through the restraining bend (see Figure 4) and did not include some slower slip rates along the San Bernardino strand of the SAF by McGill et al. [2008 McGill et al. [ , 2010 . While a codependent relationship for the San Jacinto and San Andreas faults is supported by our models results, the details of the fault system evolution cannot be understood by lumping the geologic slip rates from different sites along the spatially variable system into time period bins [Bennett et al., 2004] .
Implications for Earthquakes
[65] The work of deformation has implications for the energy available for earthquake events. If we assume that the rate of energetic input to the system is the same over the past 1 Ma, then during periods of greater fault system efficiency, more energy is released by earthquakes than during times of lesser fault efficiency. The Mill Creek SAF configuration (500-120 Ma) has greater net slip than the Mission Creek or present-day configurations so that more energy is released as earthquakes along the fault in the Mill Creek model. While the same amount of slip could be accommodated as a few large earthquakes or many smaller earthquakes [e.g., Biasi and Weldon, 2009] , the simpler geometry of the Mill Creek fault configuration suggests that this time period is more likely to experience larger magnitude earthquakes than the present-day system. The same rate of tectonic work is applied to the present-day system and the Mill Creek system, but the partitioning of this work is different in the two models. Within the present-day model, less work is expressed as seismic radiated energy; instead this work is consumed by off-fault deformation and uplift of the San Bernardino Mountains. While a portion of the off-fault deformation may be expressed as small earthquakes, a significant portion may also be accommodated by distributed aseismic inelastic processes, such as pressure solution and microcracking. The model results suggest that the San Andreas fault may have had fewer large earthquakes within the last 120 ka than the period from 500 to 120 ka.
Conclusion
[66] Three-dimensional models accurately simulate the recent (<1 Ma) evolution of the southern big bend of the San Andreas fault. Comparison of the model results to geologic data show good match for strike-slip rates and uplift pattern. The model overestimates reverse slip rates along the North Frontal fault, suggesting that this fault may change dip with depth.
[67] The partitioning of slip among active faults changes between the three phases of southern San Andreas fault evolution. When the San Andreas fault has greater strike-slip rate, the San Jacinto fault slows, uplift of the San Bernardino mountains slows (as does reverse slip on the range-bounding thrusts) and strike slip along the Eastern California Shear Zone slows.
[68] The mechanical efficiency of the fault system increases from the Mission Creek configuration to the Mill Creek configuration, but decreases from the Mill Creek configuration to the present-day configuration. The model results support the premise that the Mill Creek fault developed to increase the overall efficiency of the San Andreas fault system due to the sharp kink in the Mission Creek strand. The unexpected decrease in fault system efficiency from the Mill Creek to the present-day fault configuration reveals gaps in our understanding of the tectonic loading and the role of various fault structures in accommodating regional deformation.
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